We have investigated the structure and transcriptional organization of 13 genes of Salmonella Pathogenicity Island 2 (SPI2) that encode components of the second type III secretion apparatus of Salmonella typhimurium. ssaK, L, M, V, N, O, P, Q, R, S, T, U constitute one operon of 10 kb. ssaJ lies upstream of ssaK and is the terminal gene of another operon. The deduced products of ssaJ, ssaK, ssaV, ssaN, ssaO, ssaQ, ssaR, ssaS, ssaT, and ssaU show greatest similarity to the Yersinia spp. genes yscJ, yscL, lcrD, yscN, yscO, yscQ, yscR, yscS, yscT, and yscU, respectively. The products of the ssaL, ssaM and ssaP genes do not have significant similarity to products of other type III secretion systems, and might be important for the specific function of the SPI2 type III secretion system. Bacterial strains carrying different ssa mutations display minor alterations in terms of serum sensitivity when compared with the wild-type strain, but none are defective in replication within macrophage-like RAW 264.7 cells. However, some of the ssa mutant strains invade HEp2 cells less efficiently and are less cytotoxic to RAW 264.7 macrophages than the wild-type strain. We show that the invasion defect is correlated with a lack of SipC in culture supernatants of these mutant strains.
Introduction
The type III secretion systems of pathogenic Gramnegative bacteria consist of a complex dedicated secretion apparatus, secreted 'effector' proteins, chaperones, and regulators (Cornelis, 1994; reviewed in Galá n, 1996) . Type III secretion systems have been found in a variety of bacterial pathogens of animals and plants including Yersinia spp., Shigella flexneri, Salmonella typhimurium, and Erwinia amylovora (van Gijsegem et al., 1993; Groisman and Ochman, 1993) . Although many components of the secretion machinery have been conserved in the evolution of these bacteria, the effectors are species-specific and have different functions. For example, Yops are proteins secreted by Yersinia spp. that are toxic to phagocytic cells of the host , whereas an important function of the secreted Sip proteins of S. typhimurium is to mediate bacterial invasion of epithelial cells (Hueck et al., 1995; Kaniga et al., 1995) . A characteristic of all the systems identified to date is that secretion of effector proteins is dependent on contact with host cells (reviewed in Galá n, 1996) . Genes for the Sips and structural and regulatory proteins of the corresponding type III secretion system are on Salmonella Pathogenicity Island 1 (SPI1), located at 63 centisomes on the chromosome (Mills et al., 1995) . The SPI1 secretion system is important for bacterial invasion of intestinal epithelial cells but does not appear to be required for subsequent systemic infection in mice: SPI1 mutants are attenuated in virulence when inoculated orally, but not when inoculated by the intraperitoneal route (Galá n and Curtiss, III, 1989; Jones and Falkow, 1994) .
Recently we and others identified a number of genes that encode a second type III secretion system in S. typhimurium (Hensel et al., 1995; Shea et al., 1996; Ochman et al., 1996) . These genes are all located on a second pathogenicity island (SPI2) at 30 centisomes on the chromosome. We found that SPI2 mutants are strongly attenuated in virulence regardless of whether they are administered by the oral, intraperitoneal or intravenous routes, demonstrating that this secretion system is required for S. typhimurium pathogenicity after bacterial translocation across the intestinal epithelium (Hensel et al., 1995; Shea et al., 1996 and unpublished work) .
In this paper we describe the structure and transcriptional organization of 13 genes (ssaJ -ssaU ) which encode components of the SPI2 type III secretion apparatus. Although strains carrying mutations in different ssa genes are all strongly attenuated in virulence, we show here that some of them differ in their ability to invade cultured epithelial cells. Examination of proteins present in the culture supernatants of these strains revealed that invasion-defective SPI2 mutants are associated with a failure to produce SipC, a product of the SPI1 secretion system and required for epithelial cell invasion (Hueck et al., 1995; Kaniga et al., 1995) . These data indicate that disruption of one secretion system can influence secretion from the other, and raises the possibility of an interaction between the two type III secretion systems of this pathogen. Bogdanove et al. (1996) suggested a unified nomenclature for homologues of genes encoding components of the type III secretion systems of plant-pathogenic bacteria, based on the gene designations for the Yersinia spp. secretion-apparatus proteins. We have used this scheme to designate genes encoding the structural components of the type III secretion system of SPI2 as ssa (secretion system apparatus) genes. We propose that genes encoding the secreted targets of the type III secretion system should be designated sse (secretion system effector) genes, those encoding the two-component regulatory system (Shea et al., 1996; Ochman et al., 1996) as ssr (secretion system regulator) genes, and those encoding chaperones for the secreted proteins of SPI2 as ssc (secretion system chaperone) genes. These designations classify SPI2 genes according to their general functions and support a unified nomenclature for type III secretion system genes.
Results

Nomenclature of SPI2 genes
Sequence analysis of SPI2 genes and structural features of deduced proteins Analysis of the nucleotide sequence of 13 kb of SPI2 DNA originating from the 31 centisome (cs) boundary (Shea et al., 1996) revealed the presence of 13 open reading frames (ORFs) designated ssaJ -ssaU. The positions of these genes are shown in Fig. 1 Results of the RT-PCR assays and confirmation of the identity of PCR products. Each set of three reactions for a specific primer combination is numbered and consists of an RT-PCR assay (þ), a negative-control RT-PCR assay with heat-killed RT (¹), and a positivecontrol PCR with genomic DNA as the template (g). The cDNA template for each set of reactions was generated with the same 3Ј primer as that used in the subsequent PCR step, except for set 14 as described below. Primer combinations (Table 6 ) for each set of reactions were as follows; set 1, 1 and 2; set 2, 3 and 4; set 3, 5 and 6; set 4, 7 and 8; set 5, 9 and 10; set 6, 11 and 12; set 7, 11 and 13; set 8, 14 and 15; set 9, 16 and 17; set 10, 17 and 18; set 11, 19 and 20; set 12, 21 and 22; set 13, 15 and 19; set 14, 15 and 21 . For set 14 the cDNA template was synthesized with primer 19 followed by PCR with primers 15 and 21. Annealing temperatures for PCR were 55ЊC for sets 3 and 5 and 60ЊC for the other sets. Southern blots hybridized with appropriate DNA probes under stringent conditions to confirm the identity of PCR products are shown below each gel. Sets 4 and 5 were hybridized with a radiolabelled 5.5 kb ClaI-Pst I fragment; sets 1, 2 and 3 were hybridized with a probe consisting of a 7 kb Nsi I fragment and the remaining sets were probed with a 7.5 kb Pst I fragment. All three DNA probes were derived from clone 7 (Shea et al., 1996). Y09357. An overlapping nucleotide sequence of 5.4 kb covering ssaQ to ssaU, the 31 cs boundary, and the region to the left of SPI2 (Hensel et al., 1997) can be obtained under EMBL Accession Number X99944.
SsaJ. The predicted product of ssaJ is a 28.5 kDa protein. Database searches with the deduced amino acid sequence revealed significant similarity (Table 1) to the YscJ/MxiJ/PrgK family of lipoproteins (Michiels et al., 1991; Allaoui et al., 1992) . The L-X-G-C motif characteristic of bacterial lipoprotein-specific signal sequences begins 16 residues from the N-terminus of the ssaJ product. 
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SsaK. The predicted product of the ssaK gene is a hydrophilic protein of 36.5 kDa. The Chou-Fasman algorithm (Chou and Fasman, 1978 ) predicts a highly helical structure for the protein, especially in the Cterminal region. However, no transmembrane helices are predicted. The deduced amino acid sequence of ssaK shows low similarity to YscL of Yersinia enterocolitica (24% identity over 242 amino acid residues) ( Fig. 2A) . Mutational analysis (Michiels et al., 1991) has demonstrated the requirement for YscL for Yop secretion in Yersinia, but the specific function of this protein has not been elucidated. SsaL. A 38.9 kDa protein is predicted from the ssaL gene. It has no obvious sequence similarity to the product of invE, which occupies the corresponding position in SPI1. The C-terminal portion of SsaL shows low sequence similarity (25% identity over 97 amino acid residues) to the hypothetical protein Ylc1 (Viitanen et al., 1990) on the Y. enterocolitica virulence plasmid (Fig. 2B ).
SsaM. Database searches with a hypothetical protein of 6.4 kDa encoded by the ssaM gene did not reveal significant similarity to other amino acid sequences in the database.
SsaV. The ssaV gene could encode a protein of 75.3 kDa with significant similarity (Table 1) to the LcrD family of proteins (Galá n et al., 1992) . The highest degree of conservation between the homologues is in the Nterminal half of the protein, which contains seven putative membrane-spanning helices.
SsaN. The deduced product of the ssaN gene (47.8 kDa) is a member of the YscN family of proteins (Table 1) , thought to act as energizers of type III secretion systems Eichelberg et al., 1994) . Nucleotide-binding motifs, also known as Walker boxes A and B (Walker et al., 1982) , are present in SsaN.
SsaO. The ssaO gene of SPI2 could encode a protein of 14.6 kDa. SsaO is similar (27% identity over 143 amino acid residues) to YscO encoded by a gene in the corresponding position of the virB locus of the Yersinia pseudotuberculosis virulence plasmid (Fig. 2C ).
SsaP. The predicted product of the ssaP gene is a very hydrophilic protein of 14.1 kDa. Database searches with the deduced amino acid sequence did not reveal significant similarity to known proteins. Products of genes in the corresponding positions of type III secretion-system gene clusters of various species show considerable variability in terms of molecular mass and primary sequence. InvJ, the product of the gene in the corresponding position in SPI1, is a protein whose secretion is induced by contact with host cells (Collazo et al., 1995; Zierler and Galá n, 1995) . This raises the possibility that ssaP could encode a secreted protein of the SPI2 type III secretion system. a. Deduced amino acid sequences of ssa genes were compared with similar sequences in other bacterial species. The percentage of identical/similar amino acid residues was calculated by the BESTFIT program of the GCG package (Devereux et al., 1984) . The corresponding DNA sequences are available under the following EMBL accession numbers: S. typhimurium SPI1,
SsaQ. A 36.0 kDa protein was predicted from the ssaQ gene. Only a very low level of similarity was observed between the products of genes in the corresponding position of other type III secretion systems, the highest similarity being 22% identity to Y. pseudotuberculosis YscQ.
SsaR, SsaS, SsaT and SsaU. The predicted products of the genes ssaR, ssaS, ssaT and ssaU are proteins of 24.1, 9.9, 29.2, and 40.4 kDa, respectively. These proteins show significant similarity to the YscR, YscS, YscT and YscU proteins of the secretion system in Yersinia spp. and to their homologues in other bacteria. They have, as a common feature, extended, helical regions, and the proteins might form membrane-bound subunits of the type III secretion systems (Bergman et al., 1994; Allaoui et al., 1994) . A similarity matrix was calculated for the SPI2 gene products that have significant similarity to SPI1 gene products and those of three other bacterial species (Table 1) . For each ssa gene product, the highest degree of identity is with homologues in the Yersinia spp. In fact, the Ssa proteins of SPI2 are no more similar to their homologues in SPI1 than they are to the corresponding proteins of the Hrc secretion system of E. amylovora.
A comparison of the arrangement of the 13 ssa genes with genes in SPI1 and those encoding secretion systems in S. flexneri (mxi/spa ), Yersinia spp. (lcr/ysc ) and E. amylovora (hrc ) showed that the order of genes homologous to ssaN to ssaU is conserved in all species. In SPI2, ssaV and ssaN are contiguous, in contrast to homologues in SPI1 and the mxi/spa locus of Shigella which are separated by invB and spa15, respectively. In Yersinia spp., lcrD (the homologue of ssaV ) is part of a transcriptional unit other than of the yscN to yscU genes (see Persson et al., 1995 , for a recent map of the Y. pseudotuberculosis virulence plasmid). prgK is the terminal gene of the 2.6 kb prgH-K operon (Pegues et al., 1995) located Ϸ3 kb from the SPI1 spa genes; its homologue (ssaJ ) in SPI2 is located immediately upstream of ssaK.
Another component of the type III secretion system of SPI2 is encoded by ssaC (referred to as orf11 by Shea et al., 1996 and spiA by Ochman et al., 1996) . In SPI1 ᮊ Blackwell Science Ltd, Molecular Microbiology, 24, 155-167 (Devereux et al., 1984) . and S. flexneri, invG and mxiD (homologues of ssaC ) are separated by one gene from invA and mxiA, respectively, whereas the yscC gene of Yersinia spp. is part of the 13-gene virC operon (Allaoui et al., 1995) . In SPI2, ssaC is separated from ssaV by more than 13 kb (Shea et al., 1996) , and appears be one of a number of genes arranged in a manner similar to that of the virC locus of Yersinia spp. (data not shown).
Expression and transcriptional organization of SPI2 genes
Analysis of the predicted protein sequences of the 13 genes ssaJ to ssaU showed that they were all transcribed in the same orientation and that several of the genes have overlapping reading frames. These are ssaV/ssaN (11 bp), ssaO/ssaP (20 bp), ssaP/ssaQ (20 bp), ssaR/ssaS (8 bp), and ssaT/ssaU (4 bp). The reading frame of ssaS is followed directly by the reading frame of ssaT, whereas ssaL/ssaM and ssaN/ssaO are separated by 8 bp and 2 bp, respectively. Such overlapping reading frames or very short spacers are characteristic of a polycistronic message. However, determination of overlapping ORFs is complicated by the presence of multiple possible start codons for ssaL, ssaM and ssaN. Further work will be required to determine the start codons of these genes.
To investigate the transcriptional organization of the 13 ssa genes we first showed that each gene was expressed during growth in Luria-Bertani medium by using reverse transcriptase/polymerase chain reactions (RT-PCRs) with gene-specific oligonucleotide primers and total bacterial RNA. RT-dependent PCR products of the expected size were obtained for each gene and their identity was confirmed by Southern hybridization with an appropriate DNA probe (data not shown).
We then determined if the genes were transcriptionally coupled by testing the ability of cDNA synthesized from total RNA with a 3Ј primer specific for a given gene to function as a template in a PCR using the same 3Ј primer and a 5Ј primer specific for an upstream gene. Genes that are part of the same transcriptional unit should produce an RT-dependent PCR product in this assay. RT-dependent PCR products were detected using primers corresponding to ssaV and ssaN (Fig. 1B, set 1 ), ssaN and ssaP (Fig. 1B , set 2), ssaP and ssaQ (Fig. 1B, set 3 ), ssaQ and ssaR (Fig. 1B, set 4 ) and ssaR and ssaU (Fig. 1B, set 5 ). The positioning of the oligonucleotide primers was such that each of the five PCR products overlapped with the adjacent product, showing that ssaV to ssaU comprise one transcriptional unit. The identity of each PCR product was confirmed by hybridization analysis with a DNA probe corresponding to SPI2 (Fig. 1B) .
Nucleotide sequencing of the region upstream of ssaV suggested that the ssaK, ssaL and ssaM genes are likely to be transcriptionally coupled, but that ssaM and ssaV might not be part of the same operon owing to a presumptive non-coding region of 178 bp between the ORFs . Similarly, a region of 292 bp between ssaJ and ssaK indicated that these genes are probably transcribed separately. RTdependent PCR products using primers specific for different genes showed that ssaK and ssaL are part of the same transcriptional unit (Fig. 1B, sets 9 and 10) and that ssaL (and hence ssaM ) are transcriptionally coupled to ssaV (Fig. 1B, sets 6 and 7) . Therefore, the 13 genes from ssaK to ssaU comprise a single transcriptional unit of 10 161 bp.
We were unable to obtain RT-dependent PCR products using three different primer pairs in which the 5Ј primers were specific to ssaJ and the 3Ј primers were specific for ssaK, indicating that these genes are not transcriptionally linked (Fig. 1B, sets 12, 13 and 14) . Products of the expected size were obtained using genomic DNA as template, demonstrating that these primer combinations are compatible (Fig. 1B, sets 12, 13 and 14) . RT-dependent PCR products were also obtained when both the 5Ј and 3Ј primers were located within either ssaJ (Fig. 1B, set 8) or ssaK (Fig. 1B, set 11) , showing that these genes are expressed. Taken together, these data show that ssaJ and ssaK are transcribed separately. At a position 95 bp downstream of the ssaJ ORF there is a 35 bp GþC-rich region (62.8% GþC) lacking dyad symmetry, followed by several runs of T residues; this region probably functions as a terminator of transcription. A second putative transcriptional terminator was found 15 bp downstream of ssaU and consisting of a 32 bp GþC-rich region (56.2%) lacking dyad symmetry, followed by a run of T residues. Immediately upstream of the ssaK initiation codon is the sequence TATTTT, and 32 bp further upstream is the sequence TGG. These sequences contain the minimum consensus elements of the ¹10 and ¹35 regions, respectively, and so this region probably acts as the promoter for the ssaK to ssaU operon.
Resistance of SPI2 mutants to killing by complement Gram-negative bacteria capable of causing systemic disease are usually resistant to killing by the complement cascade system present in serum. In serum-resistant salmonellae this is mediated by long-chain lipopolysaccharide (LPS) and Rck, a protein component of the outer membrane (Joiner, 1988; Heffernan et al., 1992) . As the type III secretion system machinery spans the inner and outer cell membranes, mutations in genes for these proteins might disturb the normal cell-surface arrangement of LPS and thus increase sensitivity to killing by complement. Accordingly, we investigated the serum sensitivity of strains containing mutations in the ssaT, ssaV and ssaJ genes of SPI2. Strains with mutations in the ssaV and ssaJ had serum sensitivity levels equal to, or lower than, that of the wild-type strain (Table 2 ). However, a strain carrying a mutation in ssaT displayed a small increase in serum sensitivity relative to the wild-type strain (Table 2) .
Interactions between SPI2 mutants and cultured host cells
The ability of S. typhimurium to invade cultured epithelial cells is dependent on the SPI1 type III secretion system (Galá n, 1996 and references therein). To determine if SPI2 is also involved in epithelial cell invasion, strains carrying mutations in ssa genes were tested for invasion of HEp2 cells. Mutations in ssaJ, ssaT and one mutation in ssaV resulted in an approximately 10-fold decrease in invasiveness relative to the wild-type strain (Fig. 3) . However, two other ssaV mutant strains showed wild-type levels of invasiveness. In contrast, an hilA mutant strain that affects the SPI1 secretion system was reduced in invasiveness by Ϸ1000-fold (Fig. 3) .
Survival and replication of S. typhimurium within macrophages appears to be an important part of its pathogenesis (Fields et al., 1986) . Therefore we tested the ability of ssa mutants to survive and replicate within murine macrophage-like RAW 264.7 cells. We also assayed two other mutations in the same 12023 strain background: P9B3 is an auxotroph that is not affected in its ability to enter epithelial cells. However, because of a transposon insertion in the pyrD gene it does not replicate inside cultured macrophages. P4H2 is an invasion-deficient, replication-proficient mutant strain containing a transposon in the SPI1 gene hilA (Monack et al., 1996) . None of the ssa mutant strains tested had significant defects in survival or replication within RAW 264.7 cells relative to the wild-type strain (Table 3) . However, some of the mutants that showed a 10-fold reduction in invasiveness of HEp2 cells also appeared to invade RAW 264.7 cells less efficiently than the wild-type strain, as judged from the 2 h time point in Table 3 .
Recent work has shown that invasive S. typhimurium strains induce programmed cell death in macrophagelike cell lines and murine bone-marrow-derived macrophages (Lindgren et al., 1996) . This process is dependent on the SPI1 type III secretion system (Monack et al., 1996; Chen et al., 1996) . We tested ssa mutants for their ability to induce cytotoxicity. All ssa mutant strains with reduced epithelial cell invasiveness that were tested also had reduced cytotoxicity to RAW 264.7 cells (Table 4) . However, an ssaV mutant which showed no reduction in invasiveness in the epithelial cell invasion assay had an intermediate level of cytotoxicity (Table 4) . Clearly, therefore, some mutations in SPI2 genes can lead to reduced invasion of cultured epithelial cells and this is correlated with reduced cytotoxicity to a macrophage-like cell line.
Protein secretion in SPI2 mutants
To investigate whether mutations in ssa genes result in a defect in protein secretion, culture supernatants of various strains were compared by SDS-PAGE; in contrast to the results obtained by Ochman et al. (1996) we did not find a modified flagellin in the culture supernatants of SPI2 mutants (flagellin is the major protein in all lanes shown in Fig. 4 ). Instead, in most experiments several proteins were absent or less abundant in the supernatants of mutants P11C3 and P9B7 (Fig. 4) . These included SipC, a 42 kDa protein also missing from culture supernatants of strains EE638 and IB040, which contain mutations in the SPI1 type III secretion genes sipC and prgH, respectively (Fig. 4) Log 10 kill was calculated as log 10 cfu ml ¹1 surviving in heat-deactivated NHS (50% in PBSM) minus log 10 cfu ml ¹1 surviving in NHS (50% in PBSM). The values given are the means of three experiments Ϯ 1 standard deviation. required for epithelial cell invasion (Hueck et al., 1995) . Although in a small proportion of experiments SipC was detected in the culture supernatants of strains P11C3 and P9B7 (data not shown), it is noteworthy that the invasive properties of these strains were consistently reduced, and that strains P2D6 and P9B6, which were not defective for cell invasion, reproducibly produced a 42 kDa protein corresponding to SipC (Fig. 4) .
Discussion
In this paper we have described the structure and organization of 13 genes encoding components of the SPI2 type III secretion system and have analysed the phenotypic characteristics resulting from mutations in some of these genes.
The similarities between the ssa gene products and their counterparts encoded by SPI1 in Salmonella and genes of other bacteria provide clear evidence that the Salmonella genome encodes two distinct type III secretion systems (Hensel et al., 1995; Shea et al., 1996; Ochman et al., 1996, and this work) . Sequence comparisons between components of different type III secretion systems show that, collectively, the ssa gene products are structurally most similar to the Yersinia spp. lcr/ysc gene products, and have a lower level of similarity to the products of the inv/spa genes of SPI1, the hrc genes of the plant pathogen Erwinia carotovora, and the mxi/spa genes of Shigella spp. The ssaN-ssaU gene order is the same as that of their homologues in other bacteria, but the arrangement of the other ssa genes appears to be unique to SPI2. Furthermore, the transcriptional organization of the SPI2 genes is different from other systems that have been described: for example, the Yersinia homologue of ssaV (lcrD ) is transcribed as being part of a twogene operon , whereas in SPI2 ssaV is the fifth gene of a 12-gene operon. Together, these comparisons indicate that SPI2 was acquired by horizontal gene transfer from an unknown source, rather than by duplication of SPI1. The products of the ssaL, ssaM and ssaP genes do not appear to be similar to products of other type III secretion systems. One or more of these genes might be important for the specific function of the SPI2 secretion system, although database searches have not provided information on what these functions might be. It is not yet known if the SPI2 type III secretion system is functionally autonomous, or if it requires other genes located elsewhere in the genome, as is the case for the SPI1 system (Johnston et al., 1996). ssaJ is the terminal gene of an operon comprising other ᮊ Blackwell Science Ltd, Molecular Microbiology, 24, 155-167 genes of the SPI2 secretion system (data not shown). As a transposon insertion in ssaJ produced a strain that is attenuated in virulence, it is possible to conclude that this gene product must be an essential component of the secretion system. Similar conclusions have been made for the homologous genes mxiJ of Shigella spp. (Allaoui et al., 1992) and yscJ of Yersinia spp. (Allaoui et al., 1995) . However, in view of the ssa operon structure, phenotypes resulting from the transposon insertions in ssaT and ssaV (Hensel et al., 1995; Shea et al., 1996) could be due to polar effects on genes located downstream of ssaT and ssaV. We are currently constructing strains carrying non-polar mutations in some of the ssa genes to investigate their functions in the SPI2 secretion system. Although the RT-PCR assays showed that the genes from ssaK to ssaU represent one large transcriptional unit, it is possible that transcripts encompassing subsets of genes might be expressed under the control of internal promoters within this operon. Strains carrying different ssa mutations differ with respect to their serum sensitivity, ability to invade epithelial cells, and cytotoxicity to RAW 264.7 cells. Components of type III secretion systems are located in both the inner and outer cell membranes (reviewed in Galá n, 1996), and an aberrant secretion machinery could affect cellenvelope structure indirectly. This is the most likely explanation for the small increase in sensitivity to complement killing shown by the ssaT mutant strain, and the wildtype or slightly higher levels of resistance shown by other ssa mutant strains. The increased sensitivity of the ssaT mutant does not explain the fact that its LD 50 (lethal dose, 50%) is at least five orders of magnitude greater than that of the wild-type strain (Shea et al., 1996) , because other Salmonella mutations such as tolC s , which lead to a greater sensitivity to killing by complement, have considerably lower LD 50 values (Stone and Miller, 1995) .
The impaired ability of some ssa mutant strains to invade epithelial cells appears at first sight to be paradoxical, because the SPI2 mutants were selected after intraperitoneal injection of mice and we did not expect to isolate mutants defective in epithelial cell invasion. Indeed, no strains carrying transposon insertions in the invasion genes of SPI1 were isolated in the original STM screen (Hensel et al., 1995) . Furthermore, the modest reduction in epithelial cell invasiveness of some of the ssa mutants does not correspond with the severe effects on virulence displayed by all the ssa mutant strains that have been analysed (Hensel et al., 1995; Shea et al., 1996; and unpublished data) . This implies that there must be another defect shared by all the ssa mutants which accounts for their loss of virulence. It has been shown recently that Salmonella cytotoxicity to macrophages is dependent on the SPI1 type III secretion system (Monack et al., 1996; Chen et al., 1996) . The levels of cytotoxicity induced by the ssa mutants are consistent with this, in that ssa mutants with reduced invasiveness in HEp2 cells are less cytotoxic than the wild-type strain. The effects of ssa mutations on epithelial cell invasion led us to examine ssa mutant strains for the presence in culture supernatants of the invasion proteins (Sips) secreted by the type III secretion system of SPI1. We found that two mutants impaired in epithelial cell invasion and cytotoxicity (P9B7 and P11C3) were usually associated with a lack of SipC in their culture supernatants, whereas SipC was always found in the culture supernatants of ssa mutants that did not display an invasion defect. Therefore, some ssa mutations can affect SipC secretion but it is not known if the effect is at the level of sipC transcription or SipC secretion. Nevertheless, because SipC is known to be required for epithelial cell invasion (Hueck et al., 1995; Kaniga et al., 1995) a failure of strains P9B7 and P11C3 to secrete this protein provides an explanation for their reduced invasiveness and cytotoxicity.
How might mutations in SPI2 exert their effects on SPI1 function? The most likely explanation is that the secretion systems of SPI1 and SPI2 function independently, but missing or mutant Ssa proteins disturb the normal function of the SPI1 secretion system, possibly by stoichiometric interactions. It is clear from the sequence analysis of SPI2 that a number of ssa genes could encode proteins that might be capable of interacting with SPI1 gene products, and it is known that some of the proteins of type III secretion systems of Salmonella SPI1, Shigella and Yersinia are functionally conserved (Ginocchio and Galán, 1995; Hermant et al., 1995; Rosqvist et al., 1995) . In this context it is interesting to note that only one of three transposon insertions in ssaV results in a strain that is less invasive and in which SipC secretion is affected. It is possible that the transposon insertion in this strain (P11C3) results in the production of a truncated ssaV product capable of interfering with the SPI1 secretion machinery whereas the other two transposon insertions, which lie further upstream in ssaV, do not.
Alternatively, one or more ssa gene products might be involved in the SPI1 secretion system either directly or indirectly. The possibility that two type III secretion systems might interact together in the same cell deserves further investigation and it would be interesting to examine the expression of SPI1 and SPI2 genes in the mouse model of salmonellosis, to determine if the two systems are expressed during the same stages of pathogenesis. However, the evidence currently available suggests that the two secretion systems function independently, because all the SPI2 mutants that have been analysed to date are avirulent following intraperitoneal injection of mice, whereas the two SPI1 mutants that have been subjected to virulence tests using this route of inoculation are both virulent (Galá n and Curtiss, III, 1989; Jones and Falkow, 1994) . Ochman et al. (1996) concluded that SPI2 is essential for intramacrophage survival because survival of a strain carrying a mutation in another gene (spiA ) of the SPI2 secretion system was reduced in the macrophage-like J774 cell line. We found that six different ssa mutants replicate normally in macrophage-like RAW 264.7 cells. The bacterial strain from which mutants in both studies were derived was the same, but Ochman et al. (1996) used a technique involving bacterial opsonization before exposure to host cells. It is also conceivable that SPI2 mutants behave differently in RAW 264.7 and J774 cells, or that the spiA mutation has a different phenotype from that of ssa mutant strains. However, strains carrying mutations in ssaC and ssrA (corresponding to spiA and spiR, respectively; Ochman et al., 1996) have wild-type levels of replication in RAW 264.7 macrophages (data not shown). Whatever the explanation for the observed differences, our results cast doubt on the conclusion that SPI2 is required for survival of Salmonella in macrophages. Further work on the type III secretion system of SPI2 is required to clarify its role in Salmonella pathogenicity.
Experimental procedures
Bacterial strains and constructs
The bacterial strains used are shown in Table 5 . S. typhimurium strains EE638 and IB040 were a gift from Sam Miller.
DNA biochemistry and sequencing
Isolation of clone 7 of a library of S. typhimurium LT2 has been described previously (Shea et al., 1996) . Various restriction fragments of the insert of clone 7 were subcloned in pUC18 and pSKþ and pKSþ (Stratagene) vectors (data not shown) and propagated in Escherichia coli strains DH5␣ (Gibco-BRL) and XL1-Blue (Stratagene). For DNA sequencing, a collection of subclones was prepared using the exonuclease III deletion method (Henikoff, 1983) . Further sequencing reactions were performed using specific oligonucleotides as primers. DNA sequencing was performed with the dideoxy method (Sanger et al., 1977) , using the Pharmacia T7 sequencing system for manual sequencing and the dye terminator chemistry for automatic analysis on a ABI 377 sequencing instrument. Sequence assembly was performed using ASSEMBLYLIGN and MACVECTOR software (Kodak) on an Apple Macintosh PowerPC. For further sequence analyses, programs of the GCG package (Version 8) (Devereux et al., 1984) were used on the HGMP network.
RNA isolation and reverse transcriptase-PCR assays
Total RNA was isolated from bacterial cultures grown to midlogarithmic phase in LB with a RNeasy total RNA kit (Qiagen). Contaminating DNA was removed from the RNA preparation by digestion with DNase I (Boehringer Mannheim) according to the manufacturer's instructions. RNA was denatured by heating to 65ЊC for 10 min prior to cDNA synthesis. Reverse transcription of RNA was performed with a first-strand cDNA synthesis kit (Pharmacia) in a 15 l reaction volume containing 5 g of total RNA and 25 M of an oligonucleotide primer (Table 6) . Following incubation at 37ЊC for 1 h, reverse transcriptase was inactivated and the RNA/cDNA hybrids denatured by incubation at 95ЊC for 5 min. A second reaction containing the same components but with heat-inactivated reverse transcriptase (10 min at 95ЊC) was included as a negative control to check for DNA contamination. The 15 l cDNA products were then used as template DNAs in PCRs (50 l) containing 25 M of each primer and 2.5 U of Amplitaq DNA polymerase (Perkin Elmer Cetus). PCRs were performed in a thermal cycler (Hybaid). Programme 1 (used for primer sets 5, 6, 9 and 10) consisted of one cycle of 5 min at 94.5ЊC, 45 s at 55ЊC and 2 min at 72ЊC, followed by 30 or 35 cycles of 30 s at 94.5ЊC, 45 s at 55ЊC and 2 min at 72ЊC, ᮊ Blackwell Science Ltd, Molecular Microbiology, 24, 155-167 Monack et al. (1996) then one final cycle of 94.5ЊC for 45 s, 45 s at 55ЊC and 10 min at 72ЊC. Programme 2 (used for the remaining primer sets) consisted of one cycle of 5 min at 94.5ЊC, 45 s at 60ЊC and 2 min at 72ЊC, followed by 30 or 35 cycles of 30 s at 94.5ЊC, 45 s at 60ЊC and 2 min at 72ЊC, then one final cycle of 94.5ЊC for 45 s, 45 s at 60ЊC and 10 min at 72ЊC. Positive control PCRs were also performed in 50 l volumes containing 1.5 mM MgCl 2, 50 mM KCl, 10 mM Tris-HCl (pH 8.0), 250 M each of dATP, dCTP, dGTP, dTTP (Pharmacia), 1 M of each primer, 2.5 l of Ampiltaq DNA polymerase and 2.5 g of S. typhimurium genomic DNA. PCR products were analysed by electrophoresis through 0.8% or 1% agarose gels, stained with ethidium bromide, and photographed under ultraviolet transillumination. PCR products were transferred to Hybond N (Amersham) nylon membrane and hybridized with DNA probes under stringent conditions as described previously. DNA probes covering the ssaJ to ssaU genomic region were obtained from clone 7 (Shea et al., 1996) .
Serum resistance assays
Serum resistance assays were performed as described by Bliska and Falkow (1992) with the exception that bacterial cultures were grown to mid-logarithmic phase before assay and that normal human serum (NHS) from three healthy adults was pooled for the assays. Complement resistance assays were performed using NHS diluted to 50% in phosphate-buffered saline containing 5 mM MgCl 2 (PBSM) and bacterial cultures grown to mid-logarithmic growth phase. Bacterial survival in heat-treated NHS was also determined and the extent of complement-mediated killing was given as log 10 kill.
SDS-PAGE of proteins from bacterial culture supernatants
Extracellular proteins of S. typhimurium strains were collected by trichloroacetic acid (TCA) precipitation from stationaryphase cultures that had been gently shaken in 10 ml of LB broth in 25 ml plastic tubes for 16 h at 37ЊC (Hueck et al., 1995) . Samples representing 50% of a protein pellet were resolved in 12% acrylamide gels and stained with Coomassie brilliant blue as described by Laemmli (1970) .
Invasion and replication assays
The ability of various S. typhimurium strains to enter and replicate within RAW 264.7 cells (ATCC TIB 71), a murine macrophage cell line, was determined as described by Pascopella et al. (1995) . Invasion of cultured HEp2 cells by the same strains (at a multiplicity of infection of 10:1) was assayed as described by Jones at al. (1992) .
Cytotoxicity assays
A cell-monolayer detachment assay was used to determine the level of cytotoxicity for host cells of different S. typhimurium strains. RAW 264.7 cells were seeded into 96-well plates and infected at a moi of 100:1 with selected S. typhimurium strains. The cytotoxicity assay was performed as described in Monack et al. (1996) . 
